Background and Purpose-Despite the findings that motor imagery and execution are supposed to share common neural networks, previous studies using imagery-based rehabilitation have revealed inconsistent results. In the present study, we investigated whether feedback of cortical activities (neurofeedback) using near-infrared spectroscopy could enhance the efficacy of imagery-based rehabilitation in stroke patients. Methods-Twenty hemiplegic patients with subcortical stroke received 6 sessions of mental practice with motor imagery of the distal upper limb in addition to standard rehabilitation. Subjects were randomly allocated to REAL and SHAM groups. In the REAL group, cortical hemoglobin signals detected by near-infrared spectroscopy were fed back during imagery. In the SHAM group, irrelevant randomized signals were fed back. Upper limb function was assessed using the finger and arm subscales of the 
I n most of the stroke cases, functional recovery mainly occurs in first 3 months, with only limited functional gain obtained in the chronic period. 1 A potential cause of the limited functional recovery in the chronic period is learned nonuse, 2 and recent multicenter trials have revealed that forced use of a paretic upper limb, termed constraint-induced movement therapy, is beneficial even in chronic patients. 3 However, only a limited proportion of patients can benefit from constraintinduced movement therapy because moderately to severely impaired patients cannot use paretic limbs in their daily activities. Therefore, other rehabilitative strategies warranting active use of the paretic limb are needed, especially for severely impaired patients. As for the alternate rehabilitative approach, motor imagery-based training has been introduced in stroke rehabilitation 4 because motor imagery task could be performed by patients with severe motor paresis. There is accumulating evidence that motor imagery and motor execution share the same motor-related neural networks, [5] [6] [7] including the primary motor cortex (M1), premotor area (PM), supplementary motor area, and prefrontal cortex in both ipsi-and contralesional hemispheres, although the M1 involvement during the motor imagery is less significant than motor execution. [7] [8] [9] These findings support the notion that the motor imagery-based training may be used as a substitute for physical training, which is difficult to perform for patients. However, previous attempts have revealed inconsistent results regarding the efficacy of motor imagery-based training, including favorable 10, 11 and insignificant results. 12 These studies suggest that innovative intervention is needed to augment the efficacy of motor imagery-based training.
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To augment the efficacy of motor imagery-based training, enhancing the motor imagery-related cortical activation is considered to be helpful for plastic cortical reorganization. For example, neuromodulation techniques, such as repetitive transcranial magnetic stimulation and transcranial direct current stimulation, have been reported to improve the plastic response of the brain and augment the efficacy of rehabilitation. 13, 14 Real-time feedback of neural activity to the subjects (neurofeedback) may also modulate plastic reorganization. This approach is unique in that it is quite noninvasive, without external stimulation of the brain, but with brain activation voluntarily modulated by the patients themselves. Although the concept of neurofeedback is not novel, the technique has recently attracted a great deal of attention with regard to a brain-computer interface, 15, 16 and recent studies have proven that functional MRI or magnetoencephalography-mediated neurofeedback is effective as a neuromodulation tool. [17] [18] [19] [20] However, these techniques require large equipment and are difficult to use in a clinical setting. The near-infrared spectroscopy (NIRS) system, which can measure task-related regional hemodynamic changes in oxygenated hemoglobin (oxyHb) and deoxygenated hemoglobin using infrared light without onerous constraint, 21 may be useful as a neurofeedback tool. Several studies have used NIRS as a neurofeedback or brain-computer interface tool, [22] [23] [24] and we previously reported that the NIRS-mediated neurofeedback enhances the motor imagery-related PM activation in healthy subjects. 23 Reorganization of the ipsilesional PM has been suggested to be important in recovery of hand function after stroke. 25 Further, another study using a connectivity approach revealed increased functional connectivity between the ipsilesional prefrontal cortex and PM in stroke subjects, and that the connectivity between the ipsilesional PM and M1 was significantly correlated with the functional recovery. 26 These data suggest that the prefrontal cortex and ipsilesional PM play an important role in the motor imagery in stroke patients, and that appropriate recruitment of the ipsilesional PM may enhance functional recovery.
On the basis of these findings, we hypothesized that enhancing the ipsilesional PM activation during motor imagery would facilitate functional recovery after stroke. We adopted the NIRS-mediated neurofeedback, which has been shown to enhance the PM activation during motor imagery task, as the neuromodulation tool. In this proof-of-principle study, we also tested whether it could be feasible and effective in severely impaired patients.
Methods
Subjects
We recruited 20 hemiplegic subjects with first-time subcortical stroke for this study (Table 1 ; Figure I in the online-only Data Supplement, Table I in the online-only Data Supplement). As this study is a proofof-principal study, we arbitrarily choose the sample size with reference to previous studies using neuromodulative methods. 13, 14 The inclusion criteria included presence of motor hemiparesis (total upper limb score of modified Fugl-Meyer assessment [FMA] motor scale 27 ≤50, full score=60; see Table II in the online-only Data Supplement) , no sensory loss, no cognitive disturbance (mini-mental state examination [MMSE] ≥23), no depression, no carotid stenosis, no history of neurological disorders, age ≥20 years, and ≥12 weeks from initial symptom onset. We excluded patients with hemianopia, moderate-tosevere aphasia, and neglect. Handedness of the subjects was evaluated according to the Edinburgh handedness inventory. 28 Written informed consent was obtained from each subject, and this study was approved by the local ethics committee. All procedures used were in accordance with institutional guidelines.
Baseline Rehabilitative Intervention
All patients received rehabilitative intervention based on neurodevelopmental techniques for 7 days a week. The length of therapy was up to 180 minutes a day, including at least 60 minutes of physical therapy and 60 minutes of occupational therapy. An additional 60 minutes of speech therapy was provided if a patient had problems with speech and swallowing. The number of regular rehabilitation sessions during the study period was not significantly different between the 2 patients groups.
Study Protocol
Baseline status of upper limb impairment and dysfunction was assessed by the FMA and the Action Research Arm Test (ARAT). 29 We also evaluated the Motor Activity Log (MAL) 30 for real-world arm use, and applied the Kinesthetic and Visual Imagery Questionnaire (KVIQ-10) 31 to assess motor imagery ability. These measures were assessed by blinded assessors.
After baseline assessment (PRE), participating patients received mental practice with motor imagery accompanied by neurofeedback 3× a week for 2 weeks. Patients were randomly allocated to the 2 groups using the sealed envelope method, and researchers in charge of mental practice were blinded for the allocated study groups. Subjects in the REAL feedback group were provided imagery-related hemoglobin signals during neurofeedback. Subjects in the SHAM feedback group were provided irrelevant randomized signals during neurofeedback. Clinical assessment measures (FMA, ARAT, and MAL) were reassessed immediately after (POST1) and 2 weeks after the mental practice finished (POST2). KVIQ-10 was also reassessed after the mental practice finished ( Figure 1A ).
Mental Practice With Motor Imagery
Each session of mental practice consisted of video-guided motor imagery training for 10 minutes, followed by kinesthetic motor imagery training with neurofeedback for 10 minutes. In total, one mental practice session is lasted for 20 minutes. A detailed description of the mental practice is provided in Figure II in the online-only Data Supplement. During mental practice, participants sat comfortably in an armchair with a headrest with their arms on the armrests and were asked to open their eyes to see the feedback signal on the screen. Surface electromyography from the biceps brachii muscle and flexor digitorum muscles in the affected limb was also recorded with a sampling rate of 1000 Hz to monitor muscle activity during motor imagery. In addition to the structured mental practice session, self-practice with learned motor imagery was encouraged in all participants.
Outcome Measures
As we used motor imagery of distal arm movement in the mental practice session, we considered the hand/finger subscale of Figure 1 . Study protocol and near-infrared spectroscopy (NIRS)-mediated neurofeedback system. A, Patients were randomly assigned to 2 groups. Clinical assessment measures were assessed before (PRE), just after (POST1), and 2 weeks after the mental practice finished (POST2). Motor imagery skill was also assessed before and after mental practice. B, Schematic figure of the NIRS-mediated neurofeedback system. C, Arrangement of the optodes with an interoptode distance of 3.0 cm. The light source at the center of the third row was placed at the 2 cm anterior to the subject's vertex (Cz'). D, Estimated cortical projection points of each NIRS channel. Light blue circles represent the feedback source (the ipsilesional premotor area). Note that the data from the patients with lesion on the right hemisphere were flipped at the midline. ARAT indicates Action Research Arm Test; CS, the central sulcus; FMA, Fugl-Meyer Assessment scale; KVIQ-10: Kinesthetic and Visual Imagery Questionnaire-10; and MAL: Motor Activity Log.
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the FMA as the primary outcome measure. We also evaluated the total FMA for upper limb function (including wrist and shoulder/ elbow/forearm subscales) and the ARAT as the secondary outcome measure.
NIRS-mediated Neurofeedback System
NIRS is a safe and noninvasive neuroimaging technique that can detect task-related hemodynamic responses using near-infrared light that can easily pass through skin and skull bone. NIRS equipment is also relatively small, which enables measurement of cortical activity in daily life. Despite several shortcomings, including difficulty in measuring activation in deep brain structures and relatively poor spatial resolution up to few centimeters, NIRS is suitable for clinical use. In this study, we used a previously developed NIRS-mediated neurofeedback system 32 that consisted of a continuous-wave NIRS system (OMM-3000; Shimadzu Corp, Kyoto, Japan), a dataprocessing computer, and a monitor to display feedback information ( Figure 1B) .
The optodes were placed on the frontoparietal scalp with an interoptode distance of 3.0 cm using a custom-made hard plastic holder, and the light source at the center of the third row was placed 2 cm anterior to the subject's vertex (Cz') ( Figure 1C ). Changes in the signals of oxyHb and deoxygenated hemoglobin were calculated according to the modified Beer-Lambert Law for highly scattering media, 33 and hemoglobin signal changes were denoted in arbitrary units of millimole per liter-millimeters (mmol/L×mm).
Similar to our previous study, 23 we estimated the cortical registration of each channel using the virtual holder set and anatomic 3-dimensional T1-weighted MRI of subjects, obtained from all subjects except for one with claustrophobia ( Figure III in the online-only Data Supplement, Table III in the online-only Data Supplement). In each channel, intersubject variance of the estimated functional NIRS channel was within a few millimeters. As such, considering the few centimeters of NIRS spatial resolution, we assumed that the cortical location of each channel was comparable among participants. As the presegmented template images were aligned with normalized brain images in the Montreal Neurological Institute coordinate system, we could estimate the center position of the cortical region covered by each channel using MRIcro software (http:// www.MRIcro.com), together with the Brodmann's area image and automated anatomic labeling image. 34 
NIRS Data Processing
On the basis of the findings of our previous study, 32 we used the oxyHb signal as a cortical activation marker and feedback signal source. The precise method for real-time analysis of NIRS signals has been described previously. 32 In brief, hemoglobin signals were measured at a sampling rate of 4 Hz, and transferred data were processed by a data-processing computer (Endeavor Pro 7000; Seiko Epson Corp, Nagano, Japan) using a sliding-windows general linear model with a least-square estimation by in-house programs on MATLAB (version 7.10; MathWorks, Natick, MA). We calculated β-coefficient and t values for the task-related cortical activation change. As the source of feedback, we selected 3 channels covering the ipsilesional PM as a motor region of interest (ROI) (channels 4, 9, and 17; Figure 1D ). We defined the calculated β-coefficients as the measure of the cortical activation for each channel and the maximal t value from a motor ROI as the cortical signal for feedback. In patients allocated to the REAL group, the cortical signal is fed back as the colored vertical bar. The height and color of the vertical bar varied in the range from 0 (blue) to 8 (red), according to the cortical signal.
In the SHAM group, randomly generated signal irrelevant to the brain activation, rather than cortical signal, was fed back. To minimize the unnatural abrupt signal change and mimic the cortical signal, the sham feedback signal was generated using the random walk algorithm, with a mean value of 1. 
Data Analysis Clinical Measures
The baseline characteristics of 2 patient groups were compared using unpaired t tests for continuous variables and the χ 2 test for categorical variables. We used repeated-measures analysis of variance with the group difference as a between-subject factor and time as a within-subject factor to evaluate the effect of neurofeedback on clinical measures, including FMA, ARAT, MAL, and KVIQ-10 scores. In both groups, post hoc analyses with the Bonferroni correction comparing POST1 versus PRE and POST2 versus PRE differences were performed.
To determine the efficacy of the NIRS-mediated neurofeedback for the severely impaired patients, we performed correlation analysis between initial impairment and functional improvement. A similar repeated-measures ANOVA was also performed using the data from patients with initial hand/finger subscale of the FMA <5 (arbitrary determined as less than a third of maximum score).
Imaging Analysis
To estimate the effect of neurofeedback on cortical activation during motor imagery, we first performed channel-based mapping analysis. As a first-level analysis, we made individual intrasubject contrast images comparing the last session with the first session. In each subject, both oxy-and deoxygenated hemoglobin signal changes were analyzed, and data from the subjects with right-sided lesions were flipped horizontally about the midline before first-level analysis so that the left side of the figure indicates the ipsilesional hemisphere. To eliminate the baseline drifts, we applied high-pass filters with a cutoff frequency of 0.016 Hz, and averaged signal changes from all 50 channels were also included to eliminate contaminating extrabrain signals, including skin blood flow change and autonomic vascular responses relevant to motor imagery. An autoregressive model of order 1 was also used to adjust the auto-correlated error term. 35 As the second-level analysis, we performed a 2-tailed 1-sample t test against 0 using a random-effect analysis 36 with contrast images of all subjects in each group. To investigate the relationship between the functional recovery and the cortical activation change, we also performed a regression analysis using contrast images of all subjects with functional improvement of the hand as the regressor. For significant channels, the Pearson correlation coefficient for the hand functional recovery against the longitudinal changes in cortical activation was calculated. To control for type-1 errors, we applied the false discovery rate correction 37 and set the significance level at P<0.05 (false discovery rate-corrected).
In addition to the mapping analysis using general linear model, a timeline analysis of oxyHb and deoxygenated hemoglobin signals from the ROI in the ipsilesional PM (channels 4, 9, and 17) and an unpaired t test for the cortical activation of channels included in the ROI were performed to evaluate the intergroup difference in cortical activation. In a timeline analysis, averaged data from 150 trials (15 trials×10 subjects) in both groups were plotted from 1 s before to 12 s after task onset to validate the general linear model analysis.
Results
Baseline Characteristics
The baseline characteristics of the 2 patient groups are shown in Table 1 . Each group had 10 patients and there were no dropouts. Most subjects were right-handed, with 1 left-handed and 1 ambidextrous. The mean (±SD) age of participants was 58.1 (±8.3) years. There were 8 women. The mean (±SD) interval between stroke onset and study participation was 135.0 (±38.2) days. Eleven subjects showed right hemiparesis, and 8 subjects experienced hemorrhagic stroke. There was no significant difference between groups in terms of handedness, age, sex, paretic side, interval from stroke onset, and MMSE score.
Clinical Measures
There was no significant adverse effect of mental practice with neurofeedback, and all participants fully participated in this study. Averaged feedback signal intensities in the REAL and SHAM groups were 2.6 (±0.8) and 1.8 (±0.2), respectively (T 18 =2.8; P<0.05), whereas averaged cortical signal in both groups was comparable (2.6±0.9 in REAL and 2.7±1.3 in SHAM).
Longitudinal changes in clinical measures are shown in Table 2 and Table I Figure 2A) . Improvement of hand function was not significantly correlated with the imagery skills or the initial motor impairment. As the secondary outcome measure, the total FMA score was improved in both group, and there was significant time×group interaction (F 2,36 =3.8; P<0.05). The shoulder/elbow/forearm subscale of the FMA was improved in both groups, but there was no significant time×group interaction (F 2,17 =0.63). ARAT was not improved in either group, and there was no significant time×group interaction (F 2,17 =0.04).
Individual changes in clinical measures are shown in Table  I in the online-only Data Supplement and Figure IV in the online-only Data Supplement; the therapeutic effect of neurofeedback was not restricted to patients with moderate hand paresis. Indeed, secondary analysis of severely impaired patients (hand/finger subscale of the FMA <5, which included 7 from the REAL group and 6 from the SHAM group) also showed a significant time×group interaction (F 2,22 =9.2; P<0.005; Figure 2B ), and post hoc analysis revealed a significant improvement in hand function only in the REAL group (F 1,11 =45.9; P<0.001 for POST1 vs PRE and F 1,11 =46.1; P<0.001 for POST2 vs PRE).
The amount and quality of paretic arm use assessed by MAL were improved in both groups, although the time×group interaction was not significant (F 2,17 =0.5 for the amount of movement and F 2,17 =0.08 for the quality of movement). There was no significant change in subjective skills in kinesthetic or visual motor imagery in either group, and the time×group interaction was not significant (F 1,18 =1.1 for kinesthetic imagery and F 1,18 =0.53 for visual imagery).
Imaging Analysis
The multisubject random effect analysis using intrasubject contrast between the last and first sessions in both groups revealed a significant increase in imagery-related cortical activation in the ipsilesional PM in the REAL group (channel 9, t=4.5; P<0.001; false discovery rate-corrected). By contrast, there was no significant change in cortical activation in the SHAM group ( Figure 3A) . ROI-based analysis and timeline analysis also showed a significantly greater increase in imagery-related oxyHb signal in the REAL group compared with the SHAM group (T 58 =2.4; P<0.05; Figure 3B and 3C). A significant correlation between cortical activation changes and recovery of the hand function during mental practice was also revealed in the ipsilesional PM (channel 9, r=0.61; P<0.005).
Discussion
In this pilot study, we demonstrated that mental practice using motor imagery with NIRS-mediated neurofeedback could enhance the motor imagery-related ipsilesional PM activation and could have positive effect on the functional recovery of the total and hand subscale of the FMA, in stroke patients, although there was no significant effect on the ARAT and MAL. Further, we found that the cortical activation change was correlated with the recovery of the hand function, suggesting that the modulation of the excitability in the PM and related networks augments the functional recovery. Consistent with our findings, previous studies have suggested that neurofeedback training for the PM activity could modulate excitability of the M1. 20 Although the precise mechanism underlying the efficacy of neuromodulation 
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is unknown, animal data suggest that corticostriatal plasticity plays important role in feedback-based learning, 38 and frontoparietal integrity was also reported to be important in neuromodulative effect by neurofeedback. 39 It is also possible that our neurofeedback strategy caused enhanced individual skill at kinesthetic motor imagery. It has been shown that motor-related cortical areas, including the PM, are recruited more by kinesthetic compared with visual Motor imagery-related cortical activation in both groups. A, In the REAL group, mental practice with neurofeedback enhances imagery-related cortical activation in the ipsilesional premotor area, whereas no significant change in cortical activation was observed in the SHAM group. B, Region of interest analysis also revealed a significant group difference in cortical activation changes in the ipsilesional premotor area. C, Timeline analysis also revealed significant cortical activation changes in the REAL group. D, Improvement of hand function during mental practice was significantly correlated with the cortical activation change in the ipsilesional premotor area.
by guest on November 28, 2017 http://stroke.ahajournals.org/ Downloaded from motor imagery, 6, 40 and that the kinesthetic imagery was more effective at modulation of cortical excitability. 41 However, unlike previous studies using healthy subjects, 32 in the present study, we did not observe any significant changes in subjective scores of motor imagery. As we used the subjective assessment (KVIQ-10) rather than an objective screening measure, such as chaotic motor imagery assessment, 7, 8 objective assessment of ability to accurate motor imagery or temporal coupling could not be assessed.
In this study, neurofeedback only affected functional recovery in the distal part of the affected arm. The minimal efficacy for the proximal part of the arm may have caused the failure to improve arm function assessed by the ARAT and practical arm use assessed by the MAL in our study, as ARAT assess both proximal and distal function of the arm together, and proximal function is necessary for practical arm use in daily circumstances. Considering that we only applied mental practice of distal arm imagery in this study, we consider that our findings support the task-specific effect of neurofeedback. However, it was reported that the effect of neurofeedback on neuronal activation was not restricted to the target cortical area, but could spread out to the related neuronal networks, 42 suggesting a nonspecific nature of the neuromodulative effect of neurofeedback. Further studies are required to elucidate whether neurofeedback functions in a task-specific manner or has a generalized neuromodulative effect.
There are several limitations of this study. First, we did not record the amount of self-practice using learned mental practice, although the self-practice was equally encouraged and the amount of real-world use of paretic arm was comparable between the 2 groups. Considering that motor imagery-based training is effective without neurofeedback, 10, 11 it is possible that more self-practice using motor imagery in the REAL group induce better functional recovery. Second, because this study included only a limited number of patients, including patients with moderate-to-severe upper limb paresis, larger intersubject variability in motor recovery could lead to misinterpretation of the results. However, we found no correlation between initial motor impairment and functional recovery, and a favorable effect in the secondary analysis using only severely impaired patients, suggesting that neurofeedback may be effective even in the patients with severe impairment. Finally, lower feedback values in the SHAM group may affect the efficacy of the neurofeedback. Although a previous study reported that negative feedback did not reduce the motor imagery-related cortical activation, 22 it is possible that the lower feedback values resulted in reduced cortical reorganization and poorer functional recovery in the SHAM group. In addition, it is also possible that the lack of contingency of the feedback in the SHAM group resulted in less effective neuromodulation.
Conclusions
In this pilot study, we have shown that the NIRS-mediated neurofeedback system is a safe and effective tool for augmenting motor recovery during stroke rehabilitation. Although this study has several limitations and further studies are required, this new tool could provide potential benefit, even in severely impaired patients who can receive only limited functional recovery from conventional rehabilitative interventions in the postacute stage. For all the subjects, except one with claustrophobia, 3D T1-weighted magnetic resonance (MR) images were obtained, and the location of each optode on the scalp was estimated using the virtual holder set. First, we anchored the center of the third row of the light sources at the point 2cm anterior from Vertex (Cz'), and the virtual holder optimally rotated according to each axis so as to minimize the distance from each optode to the scalp. We defined the fNIRS channel as the midpoint of the corresponding light source-detector pair and adopted the balloon-inflation method 1 
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